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ABSTRACT: Perfluorooctanoic acid (PFOA) ha5 b€en detected in environrrental sanpiES in Ohio and WESt Virginia noor the 
Wa5hington Works Plant in Parkersburg, WESt Virginia. This paper c~E:s:;ribes retrCIS(JE£tive fate and transport modeling of PFOA 
conrentrations in local air, surf<Da water, groundwater, and six municipal watersysterrs ba5ed on EStimatES of historic emission ratES 
from thefccility, phy.:;icochemical propertiES of PFOA, and local geologic and rreteorological data be;:Jinning in 1951. We linked 
reveral environrrental fate and transport modeling systerrs to model PFOA air dispersion, transit through the vadose zone, surf<Da 
water transport, and groundwater flow and transport. Thesa include AERMOD, PRZM-3, BreZo, MODFLOW, and MT3DMS. 
Several thousand PFOA rre:rurerrents in municipal vvell water have b€en collected in this region sinre 1998. Our I inked modeling 
system perform; better than expocted, predicting water conrentrations within a tcctor of 2.1 of the average otserved water 
conrentration for eoch of the six municipal water districts after adjusting the organic carbon p3rtition coeffbient to fit the otserved 
data. After model calibration, theSpEEmm's rank correlation coeffbient for predicted versus otserved water conrentrations is 0.87. 
Th€93 models may be useful for EStimating p3st and future public well water PFOA conrentrations in this region. 

' INTRODUCTION 

The Wa5hington Works Plant in WESt Virginia, owned and 
operated by the E. I. duPont de Nemours Comp3ny (DuPont), 
ha5 U93d ammonium perfluorooctanoate (APFO) in the manu­
fccturing of fluoropolyrrers sinre 1951. APFO dissociatES in 
water to form perfluorooctanoate (PFO · ) and ammonium ion 
(NHl ). Under acidic conditions, PFo· is protonated to form 
perfluorooctanoica:;id (PFOA). PFO. and PFOAEOOst in difBrent 
proportions in the environrrentdependi~on pH; reported pf<a 
valUES for PFOA range from 0 to 3.8.1 

· Although PFO · is a 
dominant speciES in theenvironrrent, vve use the term "PFOA'' 
here to be consistent with other I iterature. Historically PFOA wcs 
rela:sed from the fccility through both sta:;k and fugitive emis­
sions that vvere carried by air currents and deposited on surf<n:s 
in the local arEE.5 Further, liquid effluent containing PFOA ha5 
b€en rela:sed from the fccility into the Ohio River. Thesa 
emissions and reiEa3ES have rESUlted in contamination of water 
suppliES downwind and downstream from the fccility.5

·
6 

StudiES with rats and mire found that PFOA caused the 
deJeloprrent of liver tumors7

•
8 and might WO!S311 fetal growth.9•

10 

Hovvever, little is known in humans, mostly from occup3tional 
studiES.11 Individuals living or working in the region nEEr the 
fccility may have experienced PFOA exposurES via p3rticulate 
inhalation, water ingEStion, local vegetable consumption, and 
dermal conta:;t.12 A seriES of epidemiologic studiES are being 
conducted to determine if there is a probable I ink betwren PFOA 
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exposure to community rESidents and adverse hEEith efi:cts in 
the region surrounding the Wa5hington Works fccility.13 Many 
of th€93 studiES include p3rticip3nts of the C8 Hoolth Project, a 
cross-a:ctional study conducted from 2005 to 2006 that collected 
PFOA rerum sanpiES, rESidential historiES, and other quEStion­
naire rESpollSES from 69030 individuals with p3st or current 
rESidenre in the contaminated region.14

•
15 

Estimated historical reiEa3ES of PFOA from the fccility are 
provided in the Supporting Information (FigureS1 ).6 Emissions 
stEEdily incra:sed sinre the 1950s and pEEked around 2000. 
Control strategiES have reduced emissions sutstantially sinre 
then.16 Prevailing winds from the east and routhwESt preferen­
tially carried the p3rticulate form of PFOA to the WESt and north­
e:st.5·17 In a::ldition, the Ohio River dis:tlarg:s have rESUlted in 
potential exposurES downriver, ES93ntially to the routhwESt. Ex­
pmJre p3tternswithin the contaminated region are likely to have 
varied sul:stantially over spa::e and tirre. The predominant his­
torical exp:rure route for rn::l>t nonoccupationallyexp<m:l indivi­
duals in this region is thought to be contaminated drinking 
water.12

•
14

•
18 Although PFOA water conrentrations during re­

rent yEErs are well characterized for a number of public water 
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Figure 1. C8 HESith Project study arES, municip3l mter supply \/\ell lcx:ations, air model domain (green box), and ground\l\9ter model domain 
(red box). 

districts in this rEgion, reliable historical rn:asurerrents are 
locking. 

Paustenl:a:;h et al. pre.tiously published a fate and transport 
model for PFOA emitted from this focility using rre;s balance 
EStimates derived from purchcsing and material U93 rocordsand 
simp I ifyi ng assumptions regarding several fate and transport 
model oomponents.6 We relied on the same emissions rate ESti­
mates, building oonfiguration, and stock information. HO\t\/8\,er, 
we used a difurent air dispersion model and applied advection­
dispersion modelsforeoch model oomponent rather than relying 
on well-mixed oompartmental repre:entations. The objective of 
our study is to EStimate historical water PFOA ooncentrations in 
this rEgion for e.tentual use in retrospoctive exposure EStimates 
for a variety of epidemiologic analyse;. Here we apply environ­
rrental fate and transport models to produce retrospective pre­
dictions for local air, surfocewater, and groundwaterooncentra­
tions I:B:B:l on EStimatES of historic emission ratES from the foci I ity, 
physioochemical properties of PFOA, and local goologic and 
rreteorological charocteristics. Ba:a.tse many well water PFOA 
rn:asurements are available for recent yEErs (2000- 2007), we 
calibrate our historical predictions to the recently observed water 
ooncentrations. 

Study Area. We applied environmental fate and transport 
models to the C8 HEEith Project study arEE (Figure 1 ), which 
enoompa:;s:ssix municipal water suppliES whose custorrers were 
included in a legal settlerrent related to PFOA emissions from 
the washington Works Plant.14

•
15 Our model domains for air 

dispersion and groundwater modeling were chosen to includeall 
six municipal water supplies and other ara:s with high particle 
depa;ition rates. The six municipal water suppliES include the 
City of Belpre, Little Hocking water Association, Tuppers Plains 

ChESter water District, and Village of Pomeroy water district, 
located in Ohio, which started operating in 1955,1969, 1969,and 
1899, respectively. The Lubeck and Mason public service dis­
tricts, located in WESt Virginia, started operating in 1960 and 
1974, respectively. Of the six water districts, Belpre and Little 
Hocking wells are located upstrEEm of the DuPont foci I ity's pri­
mary a::JUOOUS dis:::harging pipe and are thought to be oontami­
nated via peroolation of depa;ited PFOA through the soil after 
sur1:rec:Jera;ition.5 Our air model domain (grren box in Figure 1) 
isa largerectangularrEgionenoomp:mingfourC8 HEEith Project 
publicwatersupplieswhich are located downwind ofthe DuPont 
focility. Figure 1 also shows our predictedairooncentrationsfrom 
AERMOD (dESCribed in the Air Dispersion Model s:ction of the 
Materialsand Methods) for 1999, theyEErofp63kairemissions 
from the focility, with levels ranging from 0 to 0.99 1-1g/m3

. 

8a:;all93 the proctical quantitation limit of PFOA in air is 
0.14 1-1g/m3

,
19 nEErly all rn:asurable PFOA air ooncentrations 

due to the air emissions from the Washington Works focility 
should be captured within this model domain.19 

The primary rEgion for groundwater modeling (the large red 
box in Figure 1) wcs selected to include thrre municipal water 
supply wells requiring linked air- soil - surfoce water- ground­
water models because of the transport of deposited PFOA 
through soi I with rainfall recharge and the i nteroct ion of the oon­
taminated Ohio River with groundwater. ThESe municipal water 
suppliES within the groundwater model wells include Belpre, 
Little Hocking, and Lubeck (with newand older well locations). 
Localized groundwater flow and transport models (the smaller 
red boxes in Figure 1) were also de.teloped for the two down­
stream municipal water supply wells (TuppersPiainsand Mason 
County). Although the:e wells are far enough from the 
washington Works focility that they are unlikely to have been 
influenced by oorial deposition of PFOA their capture zones 
draw from both the Ohio River and saturated a::juifers. PFOA 
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that was emittEd to the Ohio River would have teen dra.tvn into 
the:e wells, but also dilutEd by simultaneous dra.tv from uncon­
taninata::l groundwater. Finally, water concentrations for the 
Vi llqJe of Porreroy mun ici p3l water supply were a:;suma::l to be 
identical to Ohio Riversurfcmwater concentrations at any point 
in tirre, bocausetha:ewellsdrawprimarilyfromtheriver locatEd 
lESS than 50 m away. 

Environmental Fate and Transport Models. Air emissions 
and liquid effluent from the focility to the Ohio River rESUltEd in 
the contanination of surrounding environmental mEdia includ­
ing air, soil, and water. The primary soura:s of groundwater 
contanination are thought to be the infiltration of rainwater and 
groundwater recharge from the river, p3rticularly in thevicinityof 
municip3l well fields.5 fls the focility rela:m::l PFOA through 
stc£ks, initially vapor phase emissions in the hot effluent gas 
C()C{Iulata::l under lower ambient temperaturESand depositEd on 
the ground surfcm overlying well fields by wet or dry deposition. 
Then, the depositEd PFOA infiltratEd through the vada:e zone 
with rainfall recharge, e.tentually rea::hing the groundwater table. 
In addition, the COilES of deprESSion causEd by pumping from 
wells adjcrent to the river rESUltEd in large hydraulic gradients 
between the river and pumping wells IES:lingtosignificant flow of 
water from the Ohio River to groundwater pumping rellsadjcrnnt 
to the river. Scher"rBS1 in theSupporti ng Information depicts the 
conceptual frarrework explaining how the air, soil, surfcmwater, 
and groundwater models are relatEd to a:dl other. 

Air Dispersion Model. TheArrerican Meteorological Society I 
EPA Regulatory Model (AERMOD) was used to estimate 
airborne PFOA concentrations and total deposition rates at 
g:DJraphical locations definEd as rtreptors. 20 AERMOD has 1:een 
EPA's preferred code for air dispersion model ingsince Decenlber 
2006. We also usEd ISC-AERMOD viw, graphical interfoce 
software (Lakes Environmental, waterloo, Ontario, Ganada). 
The model contains the fEatures of wet and dry deposition of 
airborne particles, building downwash effect, plume rise as a 
function of downwind distance, and terrain elevation effect. 
AERMOD was selectEd bocause it outperforrn5 the U.S. EPA 
Industrial Source Complex Short-Term Version 3 (ISCST3f1 

on the prediction of ambient air concentrations and the deposi­
tion rates. The Barton et al. air modeling and monitoring study 
reportEd thatAERMOD providEd repre:entativeorconservative 
air concentration estimates for both off-site and on-site meteor­
ological data 17 

Most ofthe input p3rarreters including building configuration, 
annual emission rates, and historical stack information appl ia::l in 
air dispersion modeling rere obtainEd from Paustenbach et al.6 

Travel distance of p3rticles is determinEd by p3rticle size. Parti­
cles grEEter than 100 1-1m in diarretertend to deposit within 100m 
of their point sourre.22 Paustenbach et al.6 collap;Ed the p3r­
ticle si2!9 data providEd by DuR:)nt into five p3rticle si2e catEgories 
instEa:l of using the measurEd categories of p3rticle sizes. How­
ever, p3rticle size was found to be the most influential p3rarreter 
of the air dispersion model l:e:ecl on sensitivity analy::e; (un­
published data). Therefore, reusEd thep3rticlesizedistributions 
from the di rtct rn=:asurerrents to avoid the pcmble loo; of particle 
information from cmregation over multiple p3rticle size cate­
gories. The model domain has a cartESian grid arrC¥ with a sr:a:;ing 
of 200m. cartesian (X, Y) ooordinatesof the model origin are 
401000 and 4318000 m. Terrain elevation information was 
collectEd from WebGISand a:;signa::l for m:;h model grid poi nt.23 

Paustenbach et al. providEd five yEErs (1996, 1999- 2002) of 
on-site preproo:s.c:ed rreteorological data which they usEd in 

their ISCST3 air dispersion model. Due to the limitEd on-site 
meteorological data, we reliEd primarily on hourly recordEd 
surfcm data from Parkersburg Airport (locatEd 21 km northeast 
of the washington Works focility) for the period of 1973-2008 
and hourly prtcipitation data from Liverpool, WV (located about 
40-50 kmsoutheast of the washington Works focility) prior to 
1973.24 Although most hourlyrecorda::lsurfcmp3rarretersinclud­
ing precipitation rate, temperature, mixing height, and roughnESS 
length have high correlations (0.8- 0.95) between Parkersburg 
Airport and the 5 yESrs of on-site data, wind direction and wind 
speEd at the airport were not very repre:entative of the focility 
site (correlations of 0.48 and 0.71, rESpeCtively). Primary on-site 
wind di rectionsare to the northeast and west due to valley-driven 
flow, but winds at Parkersburg Airport flow more e.tenly in all 
directions. We therefore rei ied on the five yEErs of on-site data to 
charocterize wind speEd and wind direction throughout 1951-
2008, choa;ing the yEEr with the clos:st total precipitation rate. 
Paustenbach et al. usEd a similar matching approa::h, but for all 
hourly surfcm p3rarreters rather than just wind speEd and wind 
direction.6 

Vada;e Zone Model. U.S. EPA Pesticide Root Zone Model 
Version 3 (PRZM-3), a one-dimensional, dynamic, comp3rt­
mental model, was usEd to estimate surfcm soil concentration, 
subsurfcmsoil concentration,storqJe in soil column, and the flux 
to groundwater.25 The model was de.telopa::l to evaluate the fate 
and transport of pesticides that are spread on agricultural sur­
t.n:s. It models the penetration of such compounds from the 
surfcm through the vada:e zone. We cha:e this model for its 
ability to simulate transport in soil, water movement, chemical 
runoff, and volatilization. 

The PRZM-3 model, which we applied to thesarre domain as 
the main groundwater model, requirES22 physicochemical input 
p3rarreters including bulk density, saturatEd hydraulic conduc­
tivity, organic carbon froction, pora;ity, and longitudinal disper­
sivity.25 ThEre inputs, which are dependent on a soil type or a 
hydrologic soil group, are key p3rarreters in estimating the fate 
and transport of PFOA in the vada:e zone. Unlike the Pausten­
bach model, which definEd modelingzollESI:e:ed on production­
well capture zone and historical boundaries of water servire 
districts regardiESSofdominantsoil type, wea:;signa::ladominant 
soil type to a:dl model cell with a size of 400 m by 400 m by 
5p3tially joining the X and Y ooord inates ofthe center ofthe cells 
to the soil shape file obtainEd from the State Soil Geographic 
(STATSGO) database of the U.S. Department of Agriculture 
(USDA) National RESOurce Conservation ~ice (NRCS).26 

We avefC{Ied the deposition rates of four 200 m by 200 m cells 
and a:;signoo the averqJe rate to one 400 m by 400 m cell. We 
appliEd the model independently in a:dl grid block a:;suming 
that vertical PFOA transport via rainfall recharge from thesurfcm 
through the vada;e zone is independent a:;ross grid blocks (i.e., 
no lateral transport within the vada;e zone). Due to limited 
vertical soil information, re a:;suma::l that the a:;signa::l soil type 
fora:dlsimulationcell ispredominantverticallyfromthesurfcm 
soil to the groundwater table. Another important p3rarreter in 
estimating the transport of PFOA in the vada:e zone is soil 
column thicknESS betwren ground surfcm and groundwater 
table. The groundwater elevation from the groundwater flow 
model developEd by DuR:)nt WC£ usa::l to calculate the soil column 
thicknESS by subtrocting a:dl cell hEa:l from a:dl cell surfcm 
elevation.27 

Surface Water Model. A depth-integrated, two-dimensional 
flow and transport model, BreZo?8

•
29 was U93d to simulate the 
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col193rvative transport of PFOA in the Ohio River from the 
washington Wor~ Plant's primary a::JUOOUS dis::harging pipe 
(outfall 005). The model a:;surn:s that PFOA mixES quickly in 
the vertical direction, which is a rEa30nable cssumption for 
neutrally buoyant rela:EES into wide rivers, and predicts depth­
intEgrated PFOA concentrations along the length and width of 
the river downstream of the outfall.30 

The model WC£ applied to the Ohio River betvveen Parkers­
burg and New England, WV (about 12 km). The riverdis::harge 
Wffi specified at the ur;strEml boundary, and the river stq:Je Wffi 

specified at the downstf6311l boundary, l:e:ed on annual avefqje 
ratES reported for the United StatES Geological &trvey (USGS) 
&mickley Gauging Station in Pennsylvania.31 The outfall 005 
Wffi modeled with a point rource in the model domain char­
octerized by a flow rate Oo and PFOA concentration C0 , which 
give the I'TlEffi loading rate cs M0= Q 0C0 . Loading ratES were 
specified l:e:ed on annual Ohio River dis::harge ratES reported by 
Paustenboch et al.6 Using annual avefqje river data and loading 
data, the model predicts annual average PFOA concentrations in 
river water downstrEml of the outfall. 

Groundwater Flow and Transport Model. l3e:a..re drinking 
water\t\/CSan importantrourreofeq:a;ure,12

•
14

•
18 weai9Jde.teloped 

groundwater flow and transport models, which were not in­
cluded in the Paustenboch study,6 to simulate PFOA movement 
in theS3turated groundwatera::juifer. The USGS Modular Three­
Dirrensional Groundwater Flow Model ( MODFLOW) Wffi 

U93d to calculate hydraulic hEa:l.32 The groundwater flow model 
using MODFLOW that Wffi developed by DuPont We£ augmen­
ted with a groundwater transport model, MT3DMS33 The model 
consisted of thrre layers for the reprESentation of different geo­
logic units. Bedrock a::juifer Wffi cssigned to layer three, the 
lowESt level, whi leal I uvial a::juifer for the Ohio River WC£cssigned 
to layers one and two. All pumping wells including industrial and 
municipal pumpingwellswerecssi9ned to layer two, which is the 
lower layer of the alluvial a::juiter? There are multiple wells per 
a:d1 water district fora total of25, a:d1 of which \t\/CSmodeled at 
its octual geographic location. Pumping ratES (m3 /d) for a:£h 
municipal water supply were calculated from the total daily flo\tVS 
in 2002. Due to limited pumping rate information, historical 
pumping ratES were calculated by a:;suming that they were 
proportional to 2002 pumping ratES using the ratio of historical 
pipe length to 2002 pipe length constructed within a:£h water 
district. The pumping rate for a:£h municipal water supply Wffi 

cssigned to all individual wellswithin the water district. The wells 
for the General Electric (GE) Company located along the Ohio 
Riverwerealro included in the model bocause itservEScsasink 
for PFOA in the S3turated zone. l3e:a..re annual production 
information Wffi unavailable forGE Company, we were unable to 
correlate pumping ratES to output from the focilitiEs. ThLE, l::aa.re 
pumping ratES were not available, DuPont and GE pumping ratES 
EStimated from limited well information provided by DuPont 
and GE werealro cssumad to be constant during the simulation 
period (1951 - 2008). Hydraulic conductivity and the recharge 
rate t..red in the model were obtai ned from the DuPont ground­
water f I ow mode I report , Vlll:100a<iallibdation that invol\a:l 
compariron of modeled and I'TBESUred 9roundwater elevations 
under the condition of active pumping? 

The Modular 3-Dirrensional MultispeciES Transport Model 
(MT3DMS) Wffi U93d to simulate advection, dispersion, and 
chemical ra:£tions of contaminants in groundwater systems.33 

Groundwater fluxES calculated by MODFLOW were t..red cs 
input to the MT3DMS model, which U93d the flUXES to calculate 

advective transport of PFOA PFOA Wffi introduced to the 
transport simulations cs variable concentration boundary condi­
tions at the water table surfoce and along the length of the Ohio 
River. The:e boundary conditions were defined using the direct 
predictions from PRZM-3 and BreZo, with a uniform PFOA 
concentration applied to a:d1 cell occompanying the recharge 
flux specified in the transport model. Because air depa;ition and 
surfoce water contamination are dependent on short-term re­
la:EES, thEre predictions are independent of rela:EES from prior 
yEErs. In contrcst, the concentrations in the roil column and 
groundwater are influenced by long-term rela:EES, which are 
reflected in predicted roil and groundwater concentrations from 
prior yEErs. For this rEa30n, the concentration from the final step 
of the precedingrun Wffit..red in thefollowingrun cs the bEginning 
concentration in the groundwater transport model (MT3DMS) 
cswell csthevadosezonemodel (PRZM-3). The final outputfor 
the linked environrrental fate and transport models is PFOA 
water concentrations for a:d1 well in the six municipal water 
suppliES. 

Data Sources. Annual PFOA emission ratES for air and the 
Ohio River for the period of 1951-2003 were obtained from 
Paustenboch et al. who revie.tved annual purchcsing records from 
the plant and performad materiaii'TlEffi balance.6 Total emission 
EStimatES for 2004 - 2000 were provided by DuPont; 16 emission 
reductions reported for those yEErs were a:;sumad to apply pro­
portionally to a:d1 stack. We a:;sumad that all manufocturing 
prCJCE&:ffi operated in 2003 were in operation throughout 2008, 
and cssigned the low 2006emission rate for the yEErsof2007 and 
2008. FigureS1 in the&tpporting Information sho\tVS the lffi..llting 
emission EStimatES for a:d1 yEEr. 

l3e:a..re a:£h of the model components requirES a diferent 
input format, and the model components require sul:stantial 
communication in a:£h yEEr of simulation from 1951 to 2008 
(e.g., annual outputs from PRZM-3 serve cs annual inputs to 
MODFLOWand MT3DMS),extensivedataproa::ffiing is required 
to link the model components and produce grid predictions over a 
largetirres:::ale. MAT LAB ( Mathwor~,Natick, MA) WC£ t..rec1 to 
rEEd and convert output from one model and to cssign and write 
input for others. Most of our MAT LAB code \t\IC6 nooly written, 
and we reploced many input fiiEScsdESCribed previously. SourCES 
of data input and example pararreters for a:£h model component 
are summarized in the&tpporting Information, TableS1. 

Extensive environrrental S3mpling data were collected within 
the study arES from 1998 to 2008 by DuPont under a Memor­
andum of Understanding (MOU) with the U.S. Environmental 
Protection /lg2:ncy (EPA).16 ThEre S3mpling data, mostly col­
lected after 1998, include approximately 8700 I'TBESUrements of 
PFOA in public and private well water, 1100roil concentration 
I'TBESUrements, and 2400 air S3mpiES. However, few environ­
mental PFOA water I'TBESUrements are available prior to 1990, 
when many people were exposed. The analytical rrethod t..red 

prior to 1990 involVES conversion of all organic fluorine com­
pounds to hJdrogen fluoride (HF) and subsaquent determina­
tion of HF? Therefore, the rrethod is biased high; PFOA is not 
the only fluorine-containing speciES converted to HF by this 
workup. Further, laboratory notES from the analysis suggESt low 
surrogate recoveriES (in the30- 60%range) with large variability 
from batch to batch and for surrogatES within the S3rre batch. 
Finally, thedataaresparsewith cs fewcsoneor two data points 
a:m;sthe rtgion inagiven yEEr. The:espa!S3datashowsuffilantial 
temporalvariabilitycallingintoquEStiontheirusetoEStimatewater 
concentrations. l3e:a..re of the lock of comparabi I ity in rrethods, 
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data quality conrerns, and the temporal and goographicsparse­
nESS of the data, we have opted not to U93 the data collocted prior 
to 1990 in calibrating the modeling system. 

Model Optimization and Calibration. l3ecat..re of the ex­
tensivecomputational requirements of the model (about a\t\IOOk 
per run, using a srmll computing cluster), it is improctical to 
perform a full multiparameteroptimization.lnstEEC!weidentified 
the PFOA soil- water partition coefficient (KJ) for a more 
limited optimization, as it is an influential and highly unrertain 
parareter driving transport tirn:s in the vajcm zone and ground­
water aquifers. KJ is also the product of the organic carbon 
partition coefficient (Koe) and the froction of organic carbon in 
the soil (foe)- Published EStimatES for the log Koe vary widely, 
from 0.79 to 5.84.35

-
38 The valUES of foe rrny vary spatially and 

ocross water districts, but little information is available on foe in 
this region. We applied theconstantvalueoffoc = O.OOOand foe= 
0.002 recommended by EPA for surfcre and subsurfa:;e soil in 
our model, rESpOCtively.39 The KJ can also be EStimated from the 
octanol- water partition coefficient (Kaw). but literature valUES 
for the log Kaw ofPFOAarealsowidelyvariable ranging from2.1 
to 6.3.6•

40
-

42 ThESe large rangES in EStimatES for Kae and Kow are 
indicative of experimental difficultiES due to thesurfa:;tant nature 
ofPFOA43 

We conducted a I imited single-parameter optimization of Kae. 
varying it in our model runs, to determine the value providing the 
bESt C{lreement betvveen our model predictions and ol:rerved 
PFOA well water conrentrations for the six municipal water 
districts. Eight diment valUES of Kae were inVEStigated including 
our initial EStimate of 81 L/kg;38 the final optimal value was 
s:llocted ba33d on minimizing the following objoctive function 

X 
olog:xpl:t::1' 

j%1 

where <Jli is the IEffit-squarESEStimate ( LS:::) of the ratio betvveen 
the ol:rerved and predicted water conrentrations within m:;h 
water district j. Formally, <Jli was EStimated by minimizing the 
following function 

i%1 

where Cots,i,i is ol:rerved water PFOA concentration for sample i 
taken from any pumping wells in a water supply j and Cpred,i is the 
corrESponding prediction of the water PFOA conrentration in a 
water district j from our linked fate and transport models. This 
approoch hass:lveral important implications: (1) within anyone 
water district, a:£h water sample is given equal weight, and 
difurenCES betwEen ol:rerved and predicted valUES are penalized 
on an arithmetic scale; (2) a:£h water district is given equal 
weight in optimizing the Koc regardiEffi of the number of water 
rn=:asurements, with penaltiESassigned on a log scale; (3) the LS::: 
EStimatES of <pi may be retained and U33d to calibrate the model 
predictions. 

Calibration coeffcients <p1, <p2, ... , <p7 for a:£h of the eight 
valUES of log Kae are shown in Table S4. Calibrated predictions 
and otrerved PFOAconcentrations (ppb) in log 10scalefor the 
sixmunicipalwatersupplywellsareshown in Figure2, using the 
optimal log Kae value (0.4 L/kg) and corrESponding calibration 

-Belpre predicted 
• Belpre observed 

1. """"" ~::: ~:~:::: :~:~i:~:: 1··!--·-----, .. ,.,, .. f .. ,,,,,,,,,,,[,,,,,,,, " ,,, ,,,,,,,,,--j 

-·- Old Lubeck predicted 

:Q 1 -- ~ ~~~L~~:::ko::ee;~::d [ ........ [ ......... , ...... , ... ,.+ ...... , .. ,, .. ,.,,, ... i.,_., .... ,I\J ... 
C. New Lubeck observed 

~ 0.5 """g"'" ~~:::~: ::::~: :~::~:::: j ...... ; ..................... , 
~ ,, ,,, Mason County predicted 

MalHm County observed 

~ ''"''~~ ==~=~:~ :~:!':::: r.'''*iL ................. JC .... ,, .• L ................... , ... &----.. ,II, .. t, 

Figure 2. Annual avercge ooncentrations (ppb) in log 10 s::ale in six 
municip3l water supply wells. Calibrated predicted ooncentratiors are 
shown as lines, and ol::rerved ooncentrationsare shown as points. 

coeffcients from Table S4. Contemporaneously rn=:asured 
groundwater samplES from the same municipal water district 
vary from 1 to 2 orders of magnitude depending on the well 
location and pumping rate. For exanple, a Tuppers Plains well 
cl033r to the Ohio River pumps more contaminated water 
compared to a Tuppers Plains well further aNaJ that would pump 
more water diluted by ciEm rainfall rECharge. LubEck Public 
~ioo District conrentrations are 33parated into old and OON 

wells (prESented by diment linES) becau33 LubEck moved its 
well location from the DuPont property to about 3 milES down­
stream from the DuPont facility in 1991. All predicted ground­
water conrentrations from the linked air- soil-ri\ff- groundwater 
model pass through most of the rn:asured samplES taken from 
2000 to 2007 exrept for old LubEck. The calibrated predictions 
for old LubEck are hEEvily influenced by four low rn=:asurements 
in 1998; exclusion of thESe points would have changed the 
calibration coeffcient from 2.1 to 2.6. The SpEarman's rank 
correlation coeffbent for predicted versus otrerved water con­
centrations is 0.87 after applying the calibration factors (0.86 
prior to calibration). 

We compared our annual average predicted groundwater 
conrentrations to rESUlts from the Paustenboch et al. stud/ for 
two highly contaminated municipal water suppliES, Little Hock­
ing and LubEck (33e&tpporting Information, FigureS2). Points 
are otrerved concentrations on the log 1 0 scale, and solid I i nES 
and dotted linES are predicted annual average concentrations 
from Paustenboch et al. and from our model, rESpECtively. 
Municipal well water concentrations from the Paustenboch et 
al. study were overpredicted compared to ol:rerved concentra­
tions, while predicted concentrationsfromourcalibrated models 
pa:;93d through a cluster of otrerved concentrations taken from 
2000 to 2007. Predicted water concentrations for the LubEck 
water district are shown 33parately for the older (1960 -1990) 
and newer (1991- 2008) well locations. Our OONiy developed 
groundwater transport model improved the prediction of histor­
ical groundwater conrentrations by occounting for the transit 
time in the saturated aquifer, as shown in Figure S2 of the 
&tpporting Information. Our model predictions over time were 
smoother than th033 of Paustenboch et al. due to dimenCES in 
soil depth U33d in our vaj033zone model and the inclusion of a 
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groundwater transport component which dilutES the efi:ct of 
annual variations in air c:lepOOtion. The PatsteniHtl groundwater 
prediction for Little Hocking is the rESUlt ofthevertical transport 
of deposited PFOA through the vadose zone from PRZM-3 
without considering transit tirre in the saturated zone, and that 
for Ne.tv Lui:JEck is the rESUlt of the instanlaloous complete mixing 
in the river from the simplifiEd surfa:B water rmdel. The Pausten­
IHtl rncx::lel predictions endEd in 2003 without the advantcga of 
many groundwater concentration rm:EUrerrents and now ap­
p63r to be overpred icted compared to our model predictionsand 
ol:servecl concentrations. 

There ere d02B1S of pararreters rtquired for e:dl environrrental 
fate and transport rncx:lel. The Koc valLE is a paramount pararreter, 
dLE to its unrertainty and infii..Eilre on the water correntration 
predictions. Because the Koc is not used in the air model 
(AERMOD) or surfcm water model (BreZo), its optimization 
only cficted the linked vada:e zone (PRZM-3) and groundwater 
(MT3DMS) models. Theoptimi28CIIog Koc for all six municipal 
watersupplywellsfromthemodeloptimizationwas0.40[Likg]. 
This is about a foctor of 2 lower than minimum experimental 
valUES of 0.79 reported in the literature,35

-
38 but comparison 

with other valUES is complicated by lackofdataon the foe value in 
unsaturated and saturated zone; accurate estimation of the Kac 
using theot:rerved water concentrations is contingent on correct 
characterization of the foe and all other model pararreters. 

After opt imizationof the Koc but before applying the calibration 
roeffcients, rrm1 predicted water correntrations were within a 
fa:;tor of 2.1 of the rrm1 ol:rerva:l water concentration for a:dl of 
the six municipal water districts. The calibration constants ( <p) 
for Belpre, Little Hocking, old Luta;k, ne.tv Luta;k, Tuppers 
Plains, Ma:on County, and Pomeroy were 1.35, 2.00, 2.10, 1.65, 
2.00, 0.55, and 0.70, rESpeCtively. The range of calibration 
constants among water districts is I ikely due to diferent model­
ing approachES and un iqLE geographical well locations. 

An important limitation in our model prediction is that many 
environrrental rn:asurerrents ere determinEd by short-term trans­
port, but only annualiza:l PFOA emffiion rate estimatES are 
arailcble. In fa:;t, hourly and daily emissions ere likely to fluctuate 
sul:btantially depending on the prrom=:s being run at the fa:;ility. 
For e>anple, surfa:Broi I conrentrationsand 24 hair conrentrations 
ere hffitily influence:::l by IID3flt emffiion and partidesi2e distribu­
tions that rmy alsJ vary over tirre. MEESUred PFOA river water 
concentrations a!SJ tm.tily depend on the daily emission rate and 
fiON rate. Therefore, we dECidEd that we would only t.re ground­
water conrentrations for rncx:lel optimization, cs thEre rn:asure­
rrents are lEast likely to be influence:::l by variations in short-term 
emffiion ratES. 

Ba:;ause substantial air PFOA emissions from the focility 
rontinl..Ed until cbout 2006 and vertical vada:e zone transit and 
horizontal groundwater transit ere siON proa:ss:s, untrmted public 
well water flEEr the Wcshington Wor~ focility may remain con­
taminated for another decade. Although transit timES vary spa­
tially in our models, rough approximations can be obtained using 
one-dirrensional transport rncx::lels. For e>anple, the rrm1 vertical 
transit tirre through the vadose zone is estimated to be 11 yESrs 
for Little Hocking using our optimi28CI Kac value and 580 em of 
roil depth a; inputs for the PRZM-3 model.44 When a higher 
value of Kac reported in the literature is used in the model, the 
estimated transit tirre is even longer. 

We alro found that the pumping rate of public water wells 
strongly impacted predictions of groundwater concentrations, 
but we did not have good data on pumping ratES, introducing an 

important component of uncertainty in our model. For E*mple, 
an alternative analysis reducing pumping ratES in ne.tv Luta;k 
wells by 20'/o rESUlted in a noti<mbly improved fit to rm:EUred 
data for that water district. Ho\t\IENer, ta;at.re model predictions 
are alro influenced by many pararreters that vary acrOffi water 
districts, we decided to apply I inEEr calibration foctors rather than 
adjusting spECific model pararreters at the water district le.tel. 

Moreover, there are uncertaintiES regarding the particle size 
distribution, another influential model pararreter, l::le:a..t93 thEre 
data were collected only at one tirre point during one production 
prOCESSafter DuPont installedscrubbersto redureairemission in 
1996. Thus, using particle size distribution after being filtered by 
scrubbers could indure unrertaintiES in estimating deposition 
prior to 1996.6 Becat..re of unrertaintiES regarding many of the 
fate and transport model pararreters, it is sensible to calibrate 
model predictions using the many water PFOA rm:EUrerrents 
available in recent yESrs. We had onre hoped to conduct a 
BayESian model optimization,simultaneouslyadjustingall model 
input pararreters l:e:ecl on the ol:served water concentrations 
and subjective prior distributions.45 HO\t\IENer, Monte carlo 
approachES are infEffiible here dLE to long run timES (several 
days per iteration). lnstEEd we decided to apply a single linEEr 
calibration ronstant to a:dl water district acrOffi all yESrs, after 
first optimizing the Kac valLE. This approach takES advantcga of 
the extensive recent water roncentration data to scale the pre­
dictions, while retaining the shape ofm:;h prediction curve gen­
erated by the linked fate and transport model. 

Sorre private water wells surrounding the DuPont foci I ity are 
contaminated with PFOA, probably through percolation of 
deposited PFOA through theroilaftersurfcmdeposition. Private 
well predictions are not included in our model optimization and 
calibration because critical information including well depth is 
not arai lable, l::le:a..t93 ol:mrved private well concentrations vary 
over3ordersofmagnitudewithintheclusterofprivatewells,and 
ta;at.re fe.tv rm:EUrerrents are arai lable for m:;h well. 

In addition to air emissions and dis::harge to the Ohio River, 
DuPont alro dispa:ed of PFOA in their landfills a; shown in 
Figure 1. Detailed information on thEse landfills including USES, 

cap system, and history can be found in the DuPont dataffiSESS­
ment report.16 The~ from landfill to the local ground­
water aquifer is not included l::le:a..t93 pest and pre;ent contribu­
tion from landfillla:dling to major publicwatersuppliESapp63rs 
to be negligible l:e:ecl on our groundwater flow and transport 
model a; well a; the monitoring data.16 

DESpite the unrertain inputsand pararreters,preliminarycom­
parisons with limited sampling data taken from 2000 to 2007 
~that the predicted water ronrentrations in public \t\€11 water 
systems ere the corrtet order of magnitude and often provide very 
good approximations to ~ ol:rerva:l rorrentrations. Our 
predicted PFOA groundwater concentrations will be t.reful for 
epidemiologic studiEs that depend on retra;poctive eq::m..tre ESti­
rmtES. Our multicompartrrent rncx::lel can be used a; a predictive 
tool for understanding likely patterns of contamination in this rEgion 
in future yEErS. Model predictions might te imprOVEd with more 
attention to the rn::l>t influential and uncertainpararreters includ­
ing historical water pumping ratES, PFOA particle size distribu­
tions, and the PFOAroil- water partition coefficient. 

b Supporting Information. Additionalroura:sofdata input 
and pararreters, particle size distributions used by PausteniHtl and 
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Shin,afigureofEStirrnted historical PFOA rela:H:S into the study 
arES, and oomparison of otserved and predicted PFOA oonren­
tration byPaustenba:;handShin. This material isavailablefrreof 
charge via the Internet at http: I I pul:s.a:s.org. 
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